Antibiotic susceptibility testing with the BD Phoenix system on bacterial cell pellets generated from blood culture broths using the Bruker MALDI Sepsityper kit was evaluated. Seventy-six Gram-negative isolates, including 12 with defined multi-resistant phenotypes, had antibiotic susceptibility testing (AST) performed by Phoenix on the cell pellet in parallel with conventional methods. In total, 1414/1444 (97.9 %) of susceptibility tests were concordant, with only 1 (0.07 %) very major error. This novel method has the potential to reduce the turnaround time for AST results by up to a day for Gram-negative bacteraemias.
INTRODUCTION
The early initiation of appropriate antimicrobial therapy in the management of sepsis improves mortality and morbidity, whilst reducing healthcare costs (Barenfanger et al., 1999; Beekmann et al., 2003; Kumar et al., 2006; Shorr et al., 2007; Gaieski et al., 2010) . The MALDI Sepsityper kit (Bruker Daltonik) , combined with matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) MS, can provide rapid bacterial and fungal pathogen identification directly from positive blood culture broths within 1 h of signalling (Yan et al., 2011; Klein et al., 2012) . However, antibiotic susceptibility results are still generally delayed by 24-28 h due to reliance of such testing on isolates from subculture.
In this study we evaluated the use of cell pellets directly obtained by the MALDI Sepsityper kit from positive blood culture broths for full panel antibiotic susceptibility testing (AST) using the Phoenix automated microbiology system (Becton Dickinson).
METHODS
Inoculated blood culture bottles (BD BACTEC Plus Aerobic/F, Lytic/ 10 Anerobic/F and Peds Plus/F; Becton Dickinson) were incubated in the BD BACTEC system as per routine. Between September 2011 and January 2012, a 5 ml aspirate of each positive blood culture broth that signalled during working hours was aspirated into a serum-separating tube and held at 4 uC for a maximum of 4 h before processing. Duplicate samples were excluded. Blood culture broths containing Gram-positive organisms were also excluded from further study as virtually all were found to non-viable after the Sepsityper lysis wash.
Each aspirate of blood culture broth was centrifuged at 845 g for 15 min and the supernatant was discarded, leaving a 1 ml buffy coat layer. Buffy coat material, used to increase the bacterial concentration within the cell pellet, was processed using the MALDI Sepsityper kit. Briefly, 1 ml buffy coat material was vortexed with 200 ml lysis buffer for 10 s and then centrifuged at 15871 g for 1 min. The supernatant was removed and the cell pellet resuspended with 1 ml washing buffer before being centrifuged at 15871 g for another minute. The supernatant was again discarded, leaving the cell pellet for further processing.
For MALDI-TOF MS identification, the cell pellet was resuspended by adding 300 ml sterile water and 900 ml ethanol. Standard extraction using formic acid and acetonitrile was performed according to the manufacturer's instructions (Bruker Daltonik, 2012) . One microlitre of the sample supernatant was pipetted onto the MALDI target plate. The sample was allowed to dry at room temperature and overlaid with 1 ml a-cyano-4-hydroxycinnamic acid (HCCA) matrix prior to analysis. Spectra obtained were analysed using the MALDI Biotyper software version 3.0 (Bruker Daltonik). Spectral scores ¢2.0 were accepted for species identification and 1.70-1.99 for genus identification; no identification was accepted for scores ,1.70.
Prior to formic acid and acetonitrile extraction, an aliquot of the cell pellet was also placed into Phoenix ID broth and processed on the Phoenix AP nephelometer to either 0.25 or 0.5 McFarland standard. Phoenix ID broth was then inoculated into the appropriate test card and incubated in the Phoenix for identification and AST. ASTs reported here were interpreted using minimum inhibitory concentration (MIC) breakpoints as outlined by the Clinical and Laboratory Standards Institute 2012 guideline (CLSI, 2012) . AST results obtained using the direct processing method were compared to ASTs obtained from Phoenix inoculated with the corresponding blood culture broth plate culture that had been incubated for 24 h prior to processing (reference method). Where discrepancies were noted, Phoenix was repeated on culture isolates.
In addition, 12 multi-resistant Gram-negative isolates with defined antibiotic resistance mutations (Table 1) were processed to further test the system. Suspensions of pure colonies were inoculated into blood culture bottles pre-filled with 10 ml blood. Depending on the organism to be tested, both aerobic and anaerobic blood culture bottles were inoculated and then incubated in the BD BACTEC system. Blood culture broths were processed as described above once they had signalled positive.
A comparative viability check of bacterial cell pellets was performed by plating serial dilutions of a 0.5 McFarland preparation after the Sepsityper lysis wash onto horse blood agar. Plate counts for Gramnegative rods demonstrated a 30-50 % reduction in viability after Sepsityper preparation. This reduction was overcome by doubling the recommended inoculum of ID broth from 25 to 50 ml in the Phoenix susceptibility panel.
Errors in AST results were defined as very major if the direct method labelled an isolate as susceptible when the reference method reported it as resistant, and vice versa for a major error. AST results of organisms categorized as intermediate by one method but sensitive or resistant using the other method were defined as minor errors.
RESULTS
Sixty-five blood culture broths with Gram-negative rods were used in the main part of the study. One was later excluded as it was polymicrobial with both Escherichia coli and Klebsiella oxytoca cultured. Of the remaining 64 samples, 25 (39.1 %) were obtained from aerobic blood culture bottles, 36 (56.2 %) from anaerobic bottles and 3 (4.7 %) from paediatric bottles. Gram-negative organisms obtained from culture included: Escherichia coli, 46 (71.8 %); Klebsiella pneumoniae, 9 (14.1 %); Pseudomonas aeruginosa, 3 (4.7 %); Citrobacter koseri, 2 (3.1 %); Enterobacter aerogenes, 1 (1.6 %); Morganella morganii, 1 (1.6 %); Serratia marcescens, 1 (1.6 %) and Stenotrophomonas maltophilia, 1 (1.6 %). Sixty-three of 64 (98.4 %) direct MALDI-TOF identifications were concordant with Phoenix identification from subculture to the species level. One M. morganii isolate was not identified by the direct method. This degree of accuracy in the identification of Gram-negative bacteraemias using the Sepsityper method is comparable to that previously reported (Stevenson et al., 2010; Kok et al., 2011; Buchan et al., 2012) .
One Pseudomonas aeruginosa isolate failed to grow in the Phoenix AST panel from both subculture and the Sepsityper cell pellet despite repeated attempts and was excluded from further analysis. From the remaining 63 sample broths in the main part of the study there were 1 1 %) ] of discrepancies and all major errors were attributed to a single isolate, JIE2540, a K. pneumoniae containing bla KPC , bla OXA-30 , aacA4cr, aadB and qnrA genes. While Phoenix AST from the plate culture of this isolate repeatedly demonstrated cefepime and cefoxitin sensitivity, the direct processing method from aerobic and anaerobic culture bottles demonstrated intermediate or resistant range MICs for both of these antibiotics, in keeping with the genotype and previously demonstrated phenotype of the organism. All direct method AST discrepancies other than those described for JIE2540 were discrepant with both the reference method and what would be expected given the genotype and expected phenotype of the relevant organism.
AST results and discrepancies between the reference and direct methods are summarized in Table 2 .
DISCUSSION
Considering both the main study and multi-resistant isolates, antibiotic susceptibility testing from blood culture broth cell pellets generated by the MALDI Sepsityper kit was 97.9 % (1414/1444) concordant with the reference method. Only one error involving ampicillin in an Escherichia coli isolate was considered very major. The identification and AST concordance rates for Gramnegative bacteria using the direct method presented reach an acceptable standard for diagnostic laboratories and are comparable to those of studies that have looked at other direct inoculation methods of Phoenix (Clark et al., 2009; Wimmer et al., 2012; Yonetani et al., 2012) .
Limitations of this study include the relatively small sample size and the absence of yeasts and polymicrobial samples from those processed. Difficulties in identification of all bacterial species in polymicrobial blood culture broths by direct MALDI-TOF methods have been reported previously (Gray et al., 2013) .
Sepsityper processing of the cell pellet completely inactivated Gram-positive organisms and affected the viability of the Gram-negatives as demonstrated by the need to increase both the blood culture broth volume used for Sepsityper processing (5 ml versus the standard 1 ml) and the inoculum in the Phoenix AST panel. It could be postulated that stressed organisms may respond differently to antibiotics compared with those organisms that have been inoculated into the AST panel from subculture. *Isolates within genus Enterobacteriaceae tested following aerobic and anaerobic blood culture bottle incubation. DPseudomonas aeruginosa and A. baumannii isolates tested following aerobic incubation only. dEnterobacteriaceae isolate in which interpretation was not available for one antibiotic following aerobic incubation. §Total number of antibiotic susceptibility tests performed during the course of study was 1444 (1071+373).
Susceptibility testing with Sepsityper cell pellets
Ongoing observation for such discrepancies would need to be continued if this method was employed on a larger scale; however, at this stage a high degree of AST concordance with the reference method has been observed.
The potential clinical impact of a direct AST method as presented herein is the availability of susceptibility data by up to a day earlier compared with standard methods. However, this method has limitations for Gram-positive and polymicrobial bacteraemias and alterations in the processing protocol, particularly in regard to the lysis of Gram-positive organisms, deserve further investigation.
